The success of chemotherapy largely depends on the anticancer immune response triggered by tumor cells that succumb to immunogenic cell death (ICD). One of the hallmarks of ICD is premortem autophagy that facilitates the release of adenosine triphosphate from dying cancer cells and acts as a chemoattractant for dendritic cell precursors. Here, we show that the immune response induced by inoculation of cancer cells undergoing ICD in response to the anthracycline mitoxantrone (MTX) can be improved by a short-term fasting regimen (48 hours of starvation) and that this effect is reversed by systemic administration of the autophagy inhibitor dimethyl α-ketoglutarate. Tumor growth reduction by MTX treatment is known to depend on autophagy induction in cancer cells as well as on an intact immune system. We compared the antitumor effects of MTX on autophagy-competent cancers implanted in wild type (WT) or partially autophagy-deficient (Becn1 ± or Atg4b −/-) mice. While there was no difference in the tumor growth reducing effects of MTX on tumors evolving in WT, Becn1
Introduction
Anticancer chemotherapies are particularly efficient if they succeed in stimulating an anticancer immune response that allows host T lymphocytes to control the growth of residual tumor cells upon discontinuation of the treatment. In mouse models, tumor growth reduction by chemotherapeutic agents often is dependent on T lymphocytes, meaning that tumors evolving in mice that lack T cells do not decrease their progression upon injection of cytotoxicants. 1, 2 One efficient way to stimulate such therapeutically relevant antitumor immune responses consists in the induction of immunogenic cell death (ICD). Anthracyclines (such as mitoxantrone, MTX) are able to stimulate ICD, a modality of cell death that is preceded or accompanied by the release of dangerassociated molecular patterns (DAMPs), which alert innate effectors for the initiation of a cellular immune response. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] One of the most important DAMPs relevant to ICD is adenosine triphosphate (ATP). ATP is normally confined to the intracellular space, yet can be released from stressed and dying cells into the extracellular compartment where it interacts with purinergic receptors, in particular P2Y2 purinergic receptors to attract myeloid cells including dendritic cell (DC) precursors into the tumor bed. 13, 14 The release of ATP can be passive (as a result of plasma membrane permeabilization during primary or secondary necrosis) or active via lysosomal secretion. 15 This latter phenomenon is linked to autophagy, which is required for optimal release of ATP from dying cancer cells. 3 For this reason, autophagy-deficient cancer cells fail to release ATP in response to chemotherapy and thus are unable to recruit DCs into the tumor bed and to elicit an anti-tumor immune response. 3, 5 Conversely, manipulations that increase autophagy in cancer cells stimulate ATP release, enhance the recruitment of immune cells into the tumor bed and improve anticancer immunosurveillance either in baseline conditions or after chemotherapy with ICD inducers. 16, 17 Autophagy induction can be achieved by starvation (i.e. removal of nutrients from cultured cancer cells or from tumor-bearing mice) as well as by the administration of caloric restriction mimetics (CRMs), resulting in an enhanced anticancer immune response.
Here, we investigated the question as to whether autophagy induction must also occur in the immune system to facilitate tumor growth reduction by ICD-inducing chemotherapy.
Results and discussion

Immunostimulatory effect of fasting
Starvation of mice for 48h causes a~20% weight loss associated with a massive autophagic response in multiple distinct nucleated cell types. 16, 23 We tested the effect of fasting on the capacity of mice to mount a protective immune response against cancer cells succumbing to ICD induced by mitoxantrone (MTX) in vitro. For this, C57Bl/6 mice were injected subcutaneously (s.c.) with MTX-treated MCA205 fibrosarcoma cells into the left flank and optionally subjected to starvation (or left on standard chow as a control) for 2 days followed by rechallenge with live MCA205 cells into the opposite flank 7 days later ( Figure 1A ). Mice that had not been vaccinated (PBS controls) all developed tumors upon injection of live MCA205 cells. In contrast, 44% (8 out of 18) of the mice that were vaccinated with dying MCA205 cells and nourished in an uninterrupted fashion mounted a protective immune response against such cells, meaning that they did not develop tumors. This percentage raised to 77% (14 out of 18) when the mice were subjected to starvation regimen. Importantly, when starvation was combined with injection of dimethyl α-ketoglutarate (DMKG), which inhibits starvationinduced autophagy, 24, 25 this percentage dropped to 22% (4 out of 18), indicating a significant immunosuppressive effect of DMKG ( Figure 1B ). These results confirm that starvation can mediate immunostimulatory effects. 9, 19, 20 However, they do not resolve the question whether autophagy and its modulation by DMKG impact the cancer cells or the immune system of the host.
Normal anticancer immune responses in hosts with genetically determined autophagy defects
Autophagy-deficient MCA205 fibrosarcomas do not respond to ICD-inducing chemotherapies because they fail to recruit myeloid immune cells into the tumor bed, precluding a subsequent anticancer immune response. 3, 19 However, the possible contribution of autophagy in immune effectors has not been studied in this kind of system. We therefore implanted autophagy-competent MCA205 cells into autophagy-competent syngeneic wild type (WT) C57Bl/6 ( Figure 2A appears that the autophagy competence of the host does not impact the efficacy of ICD-inducing chemotherapy.
Increased toxicity of mitoxantrone in atg4b −/-mice A reduction in bodyweight is a proxy of toxicity. MTX-treated mice exhibited a significant decrease in bodyweight. This MTX effect was found for all three mice genotypes analyzed here, namely, WT ( Figure 3A) , Atg4b −/-( Figure 3B ) and Becn1 +/-( Figure 3C ), when compared to their respective vehicle-only (PBS)-treated controls. However, the body weight reduction appeared stronger for MTX-treated Atg4b −/-mice than for any other treatment group ( Figure 3D ). These results confirm prior studies showing that the toxic effects of anthracyclines (for instance on the heart) are attenuated by autophagy induction and hence exacerbated in conditions of autophagy inhibition. [26] [27] [28] [29] Accordingly, when the cause of death in each experimental group were analyzed, deaths that could not be attributed to cancer cell proliferation (and hence must result from MTX toxicity) were more frequent among MTX-treated Atg4b −/-mice bearing MCA205 tumors than in any other treatment group including MTX-treated WT and Becn1 +/-mice ( Figure 3E ). As a result, MTX was only able to increase the overall survival of MCA205 fibrosarcoma bearing and Becn1 +/-but not Atg4b −/-mice ( Figure 3F) . 
Concluding remarks
Major interventions on whole body physiology such as starvation or chemotherapy may impact on the autophagy system that -in teleological terms -aims at increasing the resilience of the organism against metabolic and toxic challenges. 30 In the context of cancer, autophagy induction may have oncopreventive and improve therapeutic outcome after chemotherapy effects. 18, 19, [31] [32] [33] In addition, starvation, which is one of the best-known inducers of autophagy, increases the resistance of mice against the toxic effects of anthracyclinebased chemotherapy at the same time that it improves tumor growth reduction. 20, 34 This autophagy-or starvationmediated improvement of chemotherapeutic responses has been attributed to an increase in anticancer immunity. 19, 20 Prior studies in which essential autophagy genes were knocked down (as shown for Atg5, Atg7, Atg10, Atg12, Bcln1, phosphatidylinositol 3-kinase catalytic subunit type 3 (Pik3c3)) or knocked out (as shown for Atg5) in malignant cells demonstrated that autophagy induction in cancer cells was a requisite for the recognition of such cells by the immune system. 3, 19, 35 Here, we investigated whether partial effects in autophagy conferred by haploinsufficiency in Becn1 or knockout of Atg4b in the host would compromise the chemotherapy-induced anticancer immune response leading to tumor growth reduction after MTX injection. Apparently such partial autophagy defects do not cause a major immunosuppressive effect, supporting the idea that autophagy in the tumor cells (rather than autophagy in immune effectors) is relevant to the therapeutic outcome of immunogenic chemotherapy. 36, 37 As a caveat, we must insist on the fact that the systemic autophagy defects investigated here are only partial. Indeed, knockout of non-redundant autophagy genes (such as Atg5 or Atg7) in the hematopoietic lineage (or more specifically in myeloid or lymphoid subsets) has a strong immunosuppressive effect due to the loss of stem cell functions and an irreversible loss of cellular fitness precluding in-depth analyses of such phenotype with respect to anticancer immunosurveillance. 38 Valter Longo and collaborators have evoked the possibility of using starvation regimens or hypocaloric nutrition to increase the efficacy of chemotherapy while reducing its toxicity. 39, 40 Based on the results shown here, we suggest that therapeutic efficacy is linked to autophagy induction in tumor cells, while toxicity reduction is tied to autophagy induction in the host.
